with the technical assistance ofA vile McCullen SUMMARY The epicardial and endocardial conduction of premature impulses were studied during acute myocardial ischemia and reperfusion. The left anterior descending artery was ligated below the second diagonal branch and 30 minutes later, below the first diagonal branch; the second ligation was released 30 minutes later. Five transmural electrode needles were introduced into the anterior wal of the left ventricle, each with an epicardial, endocardial and a midwall bipole. During fixed atrial pacing, premature stimuli were delivered at the midwall at each needle site in series. Conduction times were defined as the interval between the premature pacing artifact and the first high-frequency deflection in the epicardial and in the endocardial electrograms. Thus, myocardial conduction was assessed in myocardial segments representing normal, ischemic and reperfused myocardium and their borders. In the normal myocardium, epicardial conduction was slower than endocardial conduction. Ischemia slowed conduction transmurally; however, the epicardial conduction was consistently slower than endocardial conduction. Ischemia-induced changes in conduction differed considerably, depending on the proximity of the ischemic segment to normal or ischemic or reperfused myocardium. Reperfusion returned these changes toward normal; however, the rate of recovery was slower than the rate of depression of conduction seen with the onset of ischemia. Borders between ischemic segments of different duration showed significant disparity between epicardial and endocardial conduction. We concluded that there is significant disparity between epicardial and endocardial conduction of premature impulses in the normal myocardium, but more importantly, during ischemia. These observations are relevant in view of the recent interest in mapping of ventricular arrhythmias for surgical ablation of reentrant circuits.
REENTRY is a primary means of initiation and sustenance of an abnormal rhythm, particularly ventricular tachycardia leading to ventricular fibrillation.' Slow conduction and unidirectional block have been shown to be the prerequisites of reentry." 2 Conduction can be slowed significantly by ischemia,3 4 however, the relative effects of ischemia on conduction in the epicardial and endocardial halves of the myocardium have seldom been studied in the same model. Recent studies of the effect of ischemia on myocardial conduction have been mostly limited to the epicardium.8e'8 The significance of endocardial conduction has rarely been taken into consideration,7 although its significance has been suggested by intracardiac mapping studies. 8 The concept of a border zone, though controver-sial9"remains intriguing. The conduction characteristics of the border zone have not been adequately documented. Recent evidence regarding the enzyme release pattern after acute myocardial infarction suggests that temporal inhomogeneity in ischemic myocardium may be a clinical reality.'2 The effect of ischemia on conduction may vary, depending on the proximity of the ischemic segment to healthy or ischemic myocardium, i.e., the availability of collateral supply.'8 After reperfusion, the recovery of conduction in epicardium and in the endocardium may differ enough to set up transmural reentrant loops.
For all these reasons, an experimental model of ischemia was created in this study in which conduction times in the epicardium and endocardium were analyzed in several myocardial segments representing normal, ischemic and reperfused state and the border zones among these segments. This report deals with our observations on conduction characteristics of premature impulses as they were recorded in the epicardium and endocardium.
Methods
Eight male mongrel dogs that weighed 21-24 kg were premedicated with morphine sulfate (1.5 mg/kg intramuscularly) and general anesthesia was obtained with sodium pentobarbital (5 mg/kg intravenously) and ethyl carbamate (20% 50-100 ml intravenously). Dogs were ventilated with a Harvard respirator and temperature was constantly monitored with an esophageal temperature probe and maintained within the normal range with radiant heat. The right femoral artery and vein were exposed and used for constant arterial pressure monitoring and for an i.v. infusion of 190 5% dextrose, respectively. A left femoral venous cutdown was done and a bipolar electrode catheter was guided into the right ventricle with the aid of intracardiac electrogram and positioned across the tricuspid valve to obtain a His bundle potential.
The chest was opened through a left lateral thoracotomy through the fifth intercostal space, the lung was retracted, the parietal pericardium incised along the side of the phrenic nerve and the heart was suspended in a pericardial cradle. The left anterior descending artery was dissected below the second diagonal and below the first diagonal artery. A plaque electrode was sutured onto the left atrial appendage for atrial pacing and another epicardial plaque electrode was sutured onto the right ventricle and the epicardial electrogram was sensed for purposes of R-wave-triggered premature stimulation at the five needle sites in the left ventricle. Transmural needle electrodes were constructed in our laboratory. Each needle consisted of six silver electrodes with a surface area of 0.5 mm2 each, with the electrodes set 0.5 mm apart and with an outside needle diameter of 2 mm. Thus, each needle contained an epicardial bipole, an endocardial bipole, and a bipole positioned at the middle of the left ventricular wall. The centers of the recording bipoles were set 6.25 mm apart. The endocardial and epicardial bipoles were used for recording purposes only and the midwall bipole was used only for delivering premature stimuli with a pulse width duration of 0.8 msec. Recordings from the endocardium and epicardium were filtered through 40-500 Hz and the gain was adjusted at identical levels in all electrograms in all experiments (0.5 mV = 10 mm); these settings were not changed at any time during the study. During ischemia, the amplitude of the ischemia zone electrogram is significantly reduced. To determine the earliest highfrequency deflection in each QRS complex, the local electrograms were recorded with gradually increasing gain from low (2 mV = 5 nmm) to high (1 mV = 20 mm), and the high-gain settings were used to identify the precise onset of the high-frequency deflections. The high-gain settings were deliberately chosen because in this study we used only the onset of electrograms and not amplitude changes ( fig. 1 ).
The five transmural electrode needles were inserted into the left ventricular myocardium ( fig. 2A ). The needles were at least 1 cm away from the intraventricular septum and were aligned along a verticle line as much as possible. The needles were identified as A, AB, B, BC and C from base to apex and were inserted into the normal zone, the ischemic zones and the two border zones. These border zones were identified on the epicardium by 10-second occlusions of the left anterior descending artery at respective sites and the edge of cyanosis was defined as the border zone.'4 Though this technique could not take into account the variability in the border zone in the endocardium and within the myocardium, Hearse et study in the isolated excised heart. Dogs that developed sustained ventricular tachycardia or fibrillation, either spontaneous or induced, were excluded from this study.
Protocol
After control measurements were made, the left anterior descending artery was initially ligated below the second diagonal and 30 minutes later a second ligation, below the first diagonal branch, was performed. The second ligation was released 30 minutes later. Measurements were made at control and 5, 15 and 30 minutes during the first ligation period (0-30 minutes), during the second ligation period (30-60 minutes), and during the reperfusion period (60-90 minutes) ( fig. 2B ). These measurements included recordings of lead II, His bundle electrogram, and epicardial and endocardial electrograms ( fig. 1 ) from the five needle sites. At each measurement period, atrial pacing was commenced at 200 beats/min and premature stimuli were delivered at 50% prematurity with current set at diastolic threshold in the midwall of the left ventricle at each needle site in series ( fig. 3) . In our open-chest dog preparations using the anesthetic technique described above, sinus tachycardia varying from 150-190 beats/min was frequently encountered during the course of the ischemia and reperfusion protocol as described above. To circumvent this problem, relatively fast atrial pacing rate was chosen. A 50% prematurity index was chosen in anticipation of alterations in the refractory periods of the myocardium during repeated ischemic episodes and during reperfusion and further to avoid triggering of ventricular arrhythmias.
The spread of activation was recorded in the endocardial bipole as well as in the epicardial bipole at the five needle sites. Conduction time was defined as the 191 VOL 64, No 1, JULY 1981 velocity would have been the ideal variable to study, the very possibility that circuitous pathways could have been operative precluded this attempt. The reproducibility between blinded observers in determining the conduction time was tested in 25 measurements covering the range of conduction times. Results showed a high degree of reproducibility (r = 0.995, y = 1.013, x = 0.109, p < 0.001) between observers. The cross-hatched area shows ischemia after first ligation and the single hatched area shows myocardium that was transiently ischemic and was subsequently reperfused. Crossed circles represent needle positions within the zones and at the border ofdifferent zones. (bottom) Protocol ofthe study in relation to the state of myocardium, as shown by figures below each corresponding 30-minute period of the study. The hatched areas in the figure represent myocardial ischemia. A, AB, B, BC and C represent intramyocardial needles and figure shows the state of the myocardium at each 30-minute period where these needles are located. interval in milliseconds from the artifact of the premature stimulus to the onset of the first high frequency deflection in the local electrograms recorded in the endocardial and in the epicardial bipolar electrograms ( fig. 3 ). The terms epicardial and endocardial conduction times refer only to the time it took for an impulse to proceed from the midwall pacing site to the recording bipoles and therefore correspond to the epicardial and endocardial halves of the myocardium. We assumed that conduction occurs in the shortest possible route between the stimulating and recording sites, although circuitous pathways of conduction could have been operative, especially during ischemia and reperfusion. It is also possible that the route of epicardial and endocardial conduction need not mimic each other. Though we recognized that conduction
Statistical Analysis
In each myocardial segment at each time period, values for conduction time were grouped for the eight dogs. Differences between myocardlal segments and sequential changes in the same myocardial segment were assessed by the Wilcoxon paired-sample test.
Results

Conduction Times
Conduction in the myocardium was analyzed in myocardial segments representing different states of the myocardium, such as normal nonischemic, ischemic, and reperfused zones and the border between different zones.
Conduction in the Normal Nonischemic Myocardium and the Permanently Ischemic Myocardium Figure 4 shows the time course of conduction time in the myocardial segment A-AB representing normal nonischemic myocardium. Conduction time in this zone was 20.5 ± 4.5 msec (epicardium) and 17 ± 4 msec (endocardium). During the control period there were no significant changes either in the epicardium or in the endocardium throughout the period of the experiment. The conduction time to the epicardium was consistently longer than to the endocardium. In contrast, in the myocardial segment BC-C, representing permanent ischemia, the conduction time rose abruptly such that tnere was a significant depression in conduction within 5 minutes of coronary occlusion compared with control preligation values, both in the endocardium (control = 16 ± 2 msec, 5 min = 24 2.5 msec, p < 0.05) and in the epicardium (control = 19.5 ± 2.5 msec, 5 min = 32 i 5 msec,p < 0.05). The conduction remained depressed for 30 minutes, when, after the second coronary occlusion, conduction time abruptly increased further both in the endocardium and epicardium. This was significantly greater in the epicardium (34 ± 6 to 57.5 ± 5.5 msec, p < 0.05), but not in the endocardium (28 ± 3.5 to 33.5 ± 5 msec, NS). Throughout the second ligation, epicardial and endocardial conduction differed significantly. Thus, at each measurement period at 35, 45 and 60 minutes, the depression seen in epicardial conduction was significantly greater than in the endocardium (p < 0.05) (table 1). After release of the second coronary occlusion, conduction in the continuously ischemic zone reversed rapidly within 5 collateral blood supply and/or electrolyte composition of the ischemic zone secondary to the changes in the perfusion status in the adjacent myocardium.
Conduction in the Myocardial Segments that Underwent Transient (30-minute) Ischemia and Subsequent Reperfusion Figure 5 shows the time course of changes in conduction in myocardial segments AB-B, AB-BC and B-BC; all three zones represented myocardial segments that remained nonischemic until 30 minutes, became transiently ischemic at 30-60 minutes and were subsequently reperfused. In the myocardial segments of similar dimensions (AB-B and B-BC), the changes in conduction characteristics were not similar, and these differences can be correlated to their critical location. Thus, in the myocardial segment B-BC, representing an ischemic zone adjacent to a preexisting ischemic area, conduction was significantly depressed both in the endocardium and epicardium, much like the behavior of conduction in the permanently ischemic zone (BC-C) between 30 and 60 minutes ( fig. 4 ). In contrast, conduction in the myocardial segment AB-B, representing an ischemic zone adjacent to normal myocardium, was similar to that in the BC-C segment during the first 30 minutes of the study ( fig. 4, table 1 ), suggesting that rapid collateralization from the normal myocardium must have played a part in protecting conduction in this segment at this time period and in the AB-B segment. The rapid improvement in conduction after reperfusion is limited to the B-BC segment that had both epicardial and endocardial conduction affected to a significantly higher degree by the second coronary occlusion compared to the changes in conduction in the AB-B segment. Conduction across the entire second ischemic zone (represented by the AB-BC myocardial segment) showed changes only in the epicardium. (fig. 2 ). The hatched areas show myocardial ischemia similar to that shown in figure 2B . The arrows represent the direction ofthe impulses and the segment studied. changes in the time course of conduction in the AB-BC segments represent, in our opinion, a summation effect of changes in AB-B and B-BC segments. This aspect of the study clearly shows the dependency of conduction in ischemic myocardial segments to their nearness to normal or ischemic myocardium. That both epicardial and endocardial conduction show parallel changes in this regard argues against the possibility that ischemia-resistant Purkinje fibers might have facilitated conduction in the endocardial segment. Thus, results of some previous studies on ischemic myocardial conduction with isolated coronary occlusion should be assessed with caution because ischemic zone conduction was not analyzed with respect to its proximity to ischemic or normal myocardium.
30.0 ± 5.5 Conduction Crossingfrom Normal to Ischemic Zone or from Normal to Reperfused Zone Figure 6 shows myocardial segments A-B and A-BC showing the time course of changes in conduction representing impulses crossing the border of an ischemic zone or the border of a reperfused zone. Although no changes are noted until the second coronary ligation, mild but insignificant changes are seen as soon as part of these myocardial segments became ischemic. Although the B-BC segment showed significant depression in conduction after the second ligation ( fig. 5 ), the segment A-BC, which encompasses segment B-BC, did not show significant depression because A-BC represented normal zone (A-AB), and an ischemic zone near a normal zone (AB-B) in addition to the B-BC segment, which is the ischemic segment in the center of ischemia, and therefore, the only segment showing significant conduction delay. After reperfusion, there is a slight but distinct increase in conduction time in the endocardium alone in both segments. Throughout the 90-minute period of the study, the events in the endocardium in both segments appear to be highly similar. However, a significantly greater delay in conduction is seen in the epicardium in the A-BC segment; such differences were not seen between epicardium and endocardium in the A-B segment.
Conduction Between Two Ischemic Zones and Between Reperfused and Ischemic Zones Figure 7 shows conduction in myocardial segments B-C and AB-C. These segments represent border zones that have different characteristics. Thus, in the first 30 minutes, the impulses cross from normal to ischemic zone; in the period 30-60 minutes, the impulses cross from a freshly ischemic to an established ischemic zone, and in the period 60-90 minutes, impulses cross from a reperfused area to an ischemic zone. The results showed that impulses cross from normal to ischemic zone with significantly greater delay in the epicardium at 5, 15 and 30 minutes in AB-C segment and only at 30 minutes in B-C segment. However, with the onset of second zone of ischemia, highly significant depression in conduction was seen within 5 minutes in both segments (AB-C, endocardium 24.5 + 4 to 32 3 msec, epicardium 36.5 ± 3 to 50 ± 5 msec; B-C endocardium 24.5 i 3.5 to 34.5 ± 3.5 msec, epicardium 34 ± 3 to 54 i 7 msec), with greater delay seen in the epicardium compared to the endocardium in each instance. After reperfusion, these Both ischemic and reperfused models of the myocardium in the experimental animal are significant in the study of clinical arrhythmogenesis. Reentry has been shown to be the primary cause of acute ischemic arrhythmias and requires for its sustenance both unidirectional block and critical conduction delay. Conduction within the myocardium has been assessed in different ways. Microelectrode recordings in the intact heart"'-"8 are inadequate because myocardial necrosis in the dog is frequently patchy.'9 Multiple transmural electrodes have been placed in the ischemic or reperfused myocardium to measure the duration of the local electrogram.3' 4, 20, 21 However, whereas the onset of the QRS complex is easily and reproducibly identified, the termination of the QRS complex is difficult to analyze reliably. Further, myocardial damage has been shown to be heterogenous,'9 and if an ischemic area bipole or microelectrode is accidentally situated within such a patch of normal myocardium, the conduction or action potential characteristics therefore will reflect normal instead of ischemic myocardium. In the present study, conduction was measured across myocardial segments that would be more likely to represent underlying tissue characteristics and lessen artifact.
In our study, only premature stimuli were used to study conduction. In the initiation of fatal ventricular arrhythmias, in experimental as well as clinical myocardial ischemia, it has been repeatedly documented that an early-cycle premature ventricular FIGURE 6 . Conduction times in the myocardial segments representing border of ischemic or reperfused zonesepicardium vs endocardium.
complex usually (but not essentially) triggers the malignant arrhythmia. Further, threshold pacing was used at a constant heart rate and the impulse transmission time was measured from the middle of the left ventricular wall to the epicardium and to the endocardium. In our studies, epicardial conduction time was consistently longer than the endocardial conduction time before the onset of ischemia. This may reflect the observation that the Purkinje system has been shown to invade the subendocardial layer of the myocardium.22 Conduction may have been facilitated by the Purkinje system in the subendocardial zone of the myocardium. Differences in myocardial perfusion also may explain this phenomenon, as the endocardial and subendocardial layers of the myocardium are better perfused compared with the subepicardial layer. 23 After ischemia, the epicardial layer is more affected than the endocardial layer, possibly reflecting both more endocardial collateral supply and some degree of perfusion from the cavity itself to the endocardium. 24 Another aspect of our findings deals with the differences in the conduction times recorded as a function of ischemic zone size. Roberts et al. 25 and Bloor et al.26 suggested that a larger myocardial infarct size is associated with more ventricular arrhythmias compared to a smaller infarct or ischemic zone. Our results show that conduction is significantly more delayed in a large ischemic zone than in a small ischemic zone. Thus, when myocardial segments of similar dimensions are compared (BC-C representing a small ischemic zone, and B-BC representing a large ischemic zone) in the first 30 minutes after respective coronary occlusions, the time course of conduction delay is markedly different in the endocardium and epicardium. This may reflect a greater collateral supply in a small ischemic zone adjacent to healthy myocardium and consequent washout from the extracellular space of the metabolic waste products.27 28 That collateral supply may be a major determinant of conduction velocity in the center of the ischemia is shown by the time course of conduction in the BC-C zone over the 90-minute period of study. Thus, after the second coronary occlusion, there is a significant depression in conduction transmurally, although it is much more impressive in the epicardium. These changes reverse to some extent after release of the second ligation resulting in the reperfusion of this particular zone of myocardium ( fig. 7 ). This latter observation is probably due to restoration of collateral supply to the BC-C segment, which presumably received its collateral supply from the AB-BC segment.
Clinically, a large ischemic or infarct zone probably results from a series of ischemic insults, and therefore is temporally heterogenous.10 Myocardial segment B-C shows prominent deterioration in conduction when it is made temporally heterogeneous at 30-60 minutes ( fig. 7 ).
30
The changes in conduction during transient (30minute) ischemia and subsequent reperfusion are interesting ( fig. 5 ). All three myocardial segments (AB-B, AB-BC, and B-BC) representing such a zone show similar conduction velocity on repeated measurements (control, 5, 15 and 30 minutes) up to the second coronary occlusion. After the second coronary occlusion, however, both in the epicardium and endocardium, all three segments show acute depression. The degree of depression is dissimilar between the endocardium and epicardium in the segment closest to the established zone of ischemia (BC-C), again suggesting that lack of adequate collateral supply is manifest maximally at the epicardium. The parallel course of events seen with the onset of ischemia in segments AB-B ( fig. 5 ) and BC-C ( fig. 4 ) is striking. Both these segments are of similar dimensions and are adjacent to healthy nonischemic myocardium. However, at the end of 30 minutes of ischemia, the epicardial and endocardial conduction delay are not similar in these segments. Thus, conduction times recorded in the epicardium and endocardium of AB-B segments were faster, though not statistically significant, than identical No 1, JULY 1981 measurements in the BC-C segment. This could be due to a higher level of circulating or local catecholamines at the time of second coronary occlusion. No significant differences, however, could be recorded between endocardial and epicardial conduction in either the AB-B or BC-C zone during the first 30 minutes after coronary ligations.
The rate of return toward normal is considerably slower compared with the rate of acute depression in conduction after the second coronary ligation. Although the ischemia lasted only for 30 minutes, even at the end of 30 minutes of reperfusion, conduction times had not returned to control levels and remained significantly depressed at the end of study, suggesting that some cells were irreversibly damaged.
To our knowledge, conduction characteristics of premature stimuli have not been studied in a canine model of acute myocardial ischemia and reperfusion. These characteristics may be relevant to the mechanism of sudden death in patients with ischemic heart disease. The degree of delay in conduction seen with ischemia was clearly shown to be different in the epicardium and in the endocardium, which could theoretically set up transmural reentrant loops for induction as well as sustenance of ventricular tachycardia and fibrillation. Of greater interest are the events we have recorded across border zones during ischemia and reperfusion. Thus, though an impulse crossing from normal to ischemic myocardium may not encounter significant delay at the border of the ischemic zone ( fig. 6 ), our results show that the border between ischemic zones is a potentially malignant area as far as arrhythmogenicity is concerned. Finally, identification of a reentrant pathway after epicardial mapping might lead to erroneous localization of reentry. Though the relationship between conduction delay and incidence of reentrant arrhythmias was not included in this study, epicardial and endocardial mapping may be essential to locate reentry, since our results clearly showed that significant disparity exists in the conduction of premature impulses in the endocardium and epicardium.
